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INTRODUCTION
The integrity of the basement membrane (BM) is essential for homeostasis of normal mammary epithelium (1) . Disruption of the BM by deposition of fibrillar collagen has been associated with initiation and progression of breast cancer in patients and experimental models (3) . miRNAs are small non-coding RNAs that down-regulate translation of a target mRNA by partial complementarity with its target sequences within the 3' untranslated regions. Profiling miRNA in human breast samples and breast cancer cell lines reveals deregulated expression of a number of miRNAs, such as up-regulated miR-21 and miR-10b, and down-regulated miR-125a and miR200c (2) . This proposal hypothesizes that deregulated expression of miRNAs contributes to resistance of breast cancer cells to differentiation promoting ECM, whereas miRNAs modulated by the tumor promoting ECM contribute to aggressiveness of breast cancer cells. Aim 1−To identify miRNAs that are differentially expressed in monolayer 2-D culture and the reconstituted BM Matrigel based three-dimensional culture (rBM 3-D) between MCF-7 (tumorigenic/nonmetastatic) and MDA-MB-231 (tumorigenic/metastatic) cells. Aim 2−To identify miRNAs whose expression is modulated by the tumor promoting ECM and which correlate with disruption of mammary gland acini and invasive growth. The prototype of the tumor promoting ECM is generated by supplementing rBM with type I collagen (rBM+Col-1). miRNA profiles will be compared between rBM 3-D and rBM+Col-1 3D cultures in MCF-7 cells. The rBM-Col-1 responsive miRNAs will be identified. Disruption of mammary gland acini and invasive growth will be assessed relative to an altered miRNA response to rBM+Col-1.
BODY

To establish lrECM 3D (rBM 3-D) cultures of MCF-10A, MCF-7, and MDA-MB231 cells using Matrigel. (as stated in Aim 1).
We successfully established rBM 3-D culture of MCF-7 and MDA-MB231 cells. We encountered technical barriers in culturing MCF-10A cells in rBM 3-D culture and decided to drop the cell line because it is not essential to our overall hypothesis and objective.
2. To carry out TaqMan miRNA arrays on RNA samples collected from MCF-10A, MCF-7, and MDAMB231 cells in IrECM 3D cultures. To identify the miRNAs that respond to lrECM by comparing the miRNA profiles between plastic 2D monolayer culture and lrECM of in MCF-10A. Within the panel of the lrECM responsive miRNAs, focus is to identify the miRNAs whose response to lrECM is greater than 2-fold and in MCF-10A cells and absent in MCF-7 and MDA-MB231. To correlate the absent miRNA response with reduced formation of mammary gland acinus in MCF-7 and MDA-MB231 when compared with MCF-10A. (as stated in Aim 1)
We profiled miRNA expression in 2-D and rBM 3-D cultures of MCF-7 and MDA-MB231 cells. We used miRNA arrays provided by LC Sciences instead of RT-PCR because miRNA arrays are more cost-effective. We identified dozens of miRNAs that correlated with distinct morphogenesis of MCF-7 and MDA-MB231 cells in rBM 3-D. These miRNAs included several well-documented tumor-modulating miRNAs, such as the members of miR-200 family. A detailed description and discussion of the results were presented in a submitted manuscript (see Appendix B).
3. To determine the function of the lrECM responsive miRNAs in formation of mammary gland acinus. The functional assays, assessment of mammary gland acini, will be restricted to the miRNAs whose response to lrECM, including both down-regulation and up-regulation, is greater than 2-fold and present in MCF-10A but absent in MCF-7 and MDA-MB231. The selected miRNA response will be compromised in MCF-10A cells and restored in MCF-7 and MDA-MB231 cells followed by assessment for formation of mammary gland acini. (as stated in Aim 1) For functional analysis, we focused on miR-429, a miRNA-200 family member that exhibited higher expression in MCF-7 than MDA-MB231 in rBM 3-D culture. Overexpression of miR-429 in MDA-MB231 cells repressed the expression of ZEB1, increased the expression Ecadherin, and induced a transition from the invasive stellate morphology to the non-invasive mass morphology. A detailed description and discussion of the results were presented in a submitted manuscript (see Appendix B). 4 . To establish lrECM-Col 3D cultures of MCF-10A, MCF-7, and MDA-MB231 cells using Matrigel supplemented with type I collagen. (as stated in Aim 2)
We establish rBM 3-D culture of MCF-7 and MDA-MB231 cells in the presence or absence of Col-1. We focused our miRNA profiling on MCF-7 cells in rBM 3-D culture +/-Col-1 because MCF-7 exhibited a greater distortion of morphogenesis in response to Col-1. We profiled the expression of miRNAs in rBM 3-D culture +/-Col-1 and identified dozens of miRNAs that were dysregulated by Col-1. A detailed description and discussion of the results were presented in a published manuscript and a submitted manuscript (see Appendix A & B).
6. To determine the function of the lrECM-Col responsive miRNAs in formation of mammary gland acinus. The functional assays, assessment of mammary gland acini, will be restricted to the miRNAs whose response to lrECM-Col, including both down-regulation and up-regulation, is present in all three cell lines. The selected miRNA response will be compromised in MCF-10A, MCF-7 and MDA-MB231 cells followed by assessment for disruption of mammary gland acini and invasive growth. (as stated in Aim 2)
We attempted over-expression of miR-21 in MCF-7 cells. However, maturation of miR-21 is a rate-limiting factor that caused a modest increase of mature miR-21 from the retroviral vector that we introduced into MCF-7 cells. As a consequence, over-expression of miR-21 alone did not disrupt morphogenesis of MCF-7 cells.
KEY RESEARCH ACCOMPLISHMENTS
We established a protocol to profile miRNA expression in rBM 3-D culture. We provided the first comparison of miRNA profiles between non-invasive and invasive breast cancer cells, which contained necessary information to explore the role of miRNAs in morphogenesis of mammary epithelial cells. Our in-depth analysis suggested that miR-21 and the miR-200 family are crucial to morphogenesis and cancer progression of the mammary epithelium.
REPORTABLE OUTCOMES
INTRODUCTION
The biophysical and biochemical properties of extracellular matrix (ECM) within the basement membrane are essential for homeostasis of epithelial apical-basolateral polarity [1, 2] . Recent advances highlight the effects of ECM within the tumor microenvironment on cancer progression. Epidemiological studies have revealed a link between breast cancer and elevated mammary density, an X-ray reflection of the rigid and fibrotic tumor microenvironment [3] . The tumor promoting activity of the fibrotic tumor microenvironment is validated experimentally in that deposition of fibrillar collagen, such as collagen type I (Col-1), and a consequent increase in ECM rigidity promotes loss of epithelial polarity and cancer progression [4] [5] [6] . As proven by these studies and many others, three-dimensional organotypic culture using basement membrane matrix mimics (Matrigel as its commercial brand, Matrigel 3-D) is a valuable tool to examine the ECM-derived signaling in cancer progression [7] . microRNAs (miRNAs) are small non-coding RNAs that regulate gene expression, often via complementarity with its target sequences within 3 0 untranslated region (3 0 UTR) of a mRNA [8] . Profiling miRNAs in human cancer specimens and cell lines reveals a growing number of tumorigenic miRNAs [9] . Elevated expression of miR-21 is one of the miRNA signature of human solid tumors [10] . miR-21 can be transcriptionally up-regulated by several cancerpromoting signaling pathways, such as IL-6, AP-1, and androgen receptor [11] [12] [13] . TGF-b and BMP signaling up-regulates miR-21 post-transcriptionally via SMAD-promoted processing of pri-miR-21 to pre-miR-21 in vascular smooth muscle cells [14] . Several validated targets of miR-21 further strengthen the oncogenic function of miR-21. For instance, miR-21 targets programmed cell death 4 (PDCD4) and phosphatase and tensin homologue (PTEN) to inhibit apoptosis and promote survival of cancer cells [15, 16] .
Because of the established roles for rigid ECM and miRNAs in tumor initiation/progression, the current study explored a link between Col-1 deposition in the ECM and expression of miRNAs using 3-D organotypic culture.
MATERIALS AND METHODS
Reagents and Plasmids
Matrigel and Col-1 were purchased from BD Biosciences, Bedford, MD and Sigma, St. Louis, MO, respectively. A 314 nucleotide fragment of pri-miR-21 was inserted in the pMSCV-Puro-GFP retroviral vector (pMSCV-pri-miR-21) as previously described [17] . A pre-miR-21 (the 72 nucleotide stem-loop) expressing vector (pCMV-pre-miR-21) is a kind gift from Dr. Bryan Cullen at Duke University [18] . The antibodies specific for PDCD4 (CS-9535) and b-actin (CS-4970) were purchased from Cell Signaling, Danvers, MA. The DICER-specific antibody (ab-13052) was purchased from Abcam, Cambridge, MA.
Cell Culture and Three-Dimensional Organotypic Culture A549, a human lung adenocarcinoma cell line was cultured in DMEM as previously described [19] . MCF-7N, N variant of the MCF-7 human breast adenocarcinoma cell line, and its apoptosis resistant derivative MCF-7TN were cultured as described elsewhere [20] . mK-ras-LE, a murine lung epithelial cell line established from a lung tumor bearing K-ras LA1 mouse, was cultured in RPMI-1640 [21] . Matrigel 3-D culture was carried out as described elsewhere [5, 6] . Briefly, the cells were embedded in Matrigel AE Col-1 (1.5 mg/ml) and formation of acinus was monitored for 12 d prior to harvest for RNA or protein analysis.
Transient Transfection and Retroviral Transduction
As previously described, transient and stable ectopical expression of miR-21 precursors was accomplished by transfection and retroviral transduction, respectively [17] .
RNA Extraction, Quantitative RT-PCR, and miRNA Array Total cell RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and the expression of miR-21 and its precursors was determined using quantitative RT-PCR (qRT-PCR) as previously described [17] . Briefly, total RNA was poly-adenylated and reverse-transcribed using the NCode miRNA First Strand Synthesis kit (Invitrogen) according to the manufacturer's instructions. The resulting cDNA was subjected to quantitative PCR (qRT-PCR) using the NCode universal reverse primer in conjunction with a miR-21-specific forward primer. The values of miR-21 were normalized to that of U6. The sequences of all the primers employed were listed in the Supplementary Table 1 . miRNA array analysis on total cell RNA was provided by LC Sciences, Houston, TX (miRBase version 14).
Immunoblots
Total cell protein was extracted from cell colonies isolated from Matrigel AE Col-1 3-D culture using Laemmli buffer as described elsewhere [7] . The expression of the proteins of interest was determined using immunoblots as previously described [19] .
Murine Model of Lung Fibrogenesis
To induce lung fibrogenesis, C57BL/6 mice were administered with recombinant adenoviruses encoding either the control green fluorescent protein (GFP-Adv) or active recombinant TGF-b1 (TGF-b1-Adv) at 5 Â 10 8 pfu/mouse as previously described [22, 23] . Deposition of Col-1 was evaluated on day 14 post-exposure using Trichrome staining and quantitative RT-PCR.
RESULTS
To model deposition of Col-1 in vitro, we employed Matrigel 3-D organotypic culture with or without supplementation of Col-1 as previously described [5, 6] . Matrigel alone mimics the in vivo ECM rigidity surrounding a normal mammary gland, whereas supplementation of Col-1 substantially increases the ECM rigidity and disrupts acinus, a cellular sphere with a central lumen that is an in vitro equivalent of apical-basolateral polarity [5] . We chose A549, MCF-7N, and mK-ras-LE cells because of their ability to form acinus in Matrigel 3-D [ Figure 1A (1, 3, and 5) and Supplementary Figure  1] . It is noteworthy that mK-ras-LE formed smaller acinus than A549 and MCF-7N. mK-ras-LE cells express lung epithelial cell markers E-cadherin and surfactant protein-C, but not N-cadherin, a mesenchymal cell marker (data not shown). In all three cell lines, acinus were disrupted when cultured in Matrigel þ Col-1 3-D where ECM rigidity is expected to be twice as much as that in Matrigel 3-D [ Figure 1A (2, 4, and 6) and Supplementary Figure 1] [5]. The disrupted acinus featured loss of the central lumen and irregular cell clusters with finger-like protrusions, a phenomenon that is indicative of loss of epithelial polarity and acquisition of invasive/metastatic potential [5, 6] . E-cadherin is one of the most important markers and regulators of acinus in organotypic culture [2] . Thus, we examined the expression of E-cadherin in Matrigel AE Col-1 3-D cultures of mK-ras-LE, A549, and MCF-7N cells. Consistent with disruption of acinus, the protein levels of Ecadherin in Matrigel þ Col-1 3-D was substantially reduced as measured by immunoblots and immunofluorescence ( Figure 1B and Supplementary Figure  1B) . Moreover, the residual expression of E-cadherin 564 LI ET AL.
in Matrigel þ Col-1 3-D featured diffuse distribution in mK-ras-LE cells, whereas an intercellular membrane staining pattern of E-cadherin was predominant in Matrigel 3-D, which indicated intact intercellular adhesion and apical-basolateral epithelial polarity (Supplementary Figure 1B) .
The expression of mature miR-21 (hereafter referred to as miR-21) was compared between Matrigel AE Col-1 3-D using quantitative qRT-PCR [17] . Supplementation of Col-1 caused a substantial increase in miR-21 over that in Matrigel 3-D as A549, MCF-7, and mK-ras-LE cells displayed three-, two-, and sixfold increase in miR-21, respectively ( Figure 1C ). We then questioned whether the increase in miR-21 resulted from transcriptional activation. In contrast to the substantial increase in miR-21, we observed modest to minimal alteration in the expression of pri-miR-21 in Matrigel þ Col-1 3-D ( Figure 1C ). When the expression of pre-miR-21 was determined using qRT-PCR with primers priming pri-miR21 and pre-miR-21 followed up by the equation premiRNA ¼ 2 ÀC T ðpri-miRNAþpre-miRNAÞ À2 ÀC T pri-miRNA [24] , pre-miR-21 remained largely unchanged in the presence of Col-1 (Supplementary Figure 2) . In accord with an increase in miR-21, the protein levels of PDCD4, one of the validated miR-21 targets, were substantially lower in Matrigel þ Col-1 3-D culture of mK-ras-LE, A549, and MCF-7N cells than that in Matrigel 3-D ( Figure 1D ). We then questioned whether elevated expression of miR-21 was one of a panel of miRNAs that were selectively regulated by Col-1 or merely a reflection of global increase in miRNAs. miRNA arrays were carried out on RNA samples collected from mK-ras-LE cells in Matrigel AE Col-1 3-D. As advised by the service provider, we limited our analysis to the miRNAs with reliable measurement as defined by values greater than 500 in at least one culture condition. Twenty-six miRNAs out of 73 eligible miRNAs were differentially expressed between Matrigel AE Col-1 3-D cultures (Figure 2A , a change greater than twofold, and a P-value < 0.05, n ¼ 3). Fourteen miRNAs were up-regulated while 12 miRNAs were downregulated. A large portion of the up-regulated miRNAs possess tumor-promoting properties. In addition to miR-21, members of the oncogenic 
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miR-17-92 cluster (miR-17, miR-19b, and miR-20a), and miR-155 were substantially up-regulated [10, 25] . However, several miRNAs with tumor suppressive activity were also up-regulated modestly, such as let-7f/e and miR-200a [26] . Among the decreased miRNAs, the miR-143-145 cluster is tumor suppressive miRNAs while relevance of the remaining miRNAs is unclear [27] . In addition, the total readings of miRNAs were nearly identical between the two culture conditions (229 944 in Matrigel 3-D vs. 238 299 in Matrigel þ Col-1 3-D). We further compared the expression of DICER, a central component of the pre-to mature miRNA processing machinery between the two culture conditions. Consistent with nearly identical expression of total miRNAs, the protein levels of DICER were comparable between the two culture conditions ( Figure 2B ).
To confirm existence of a post-transcriptional regulation of miR-21, we generated A549 and MCF-7N variants that ectopically expressed a fragment of human pri-miR-21 from a retroviral vector pMSCV-Puro-GFP as previously described [17] . The expression of pri-miR-21 and miR-21 were compared between the variants transduced with the backbone pMSCV-Puro-GFP vector (A549/MCF-7vec) and the pMSCV-Puro-GFP-miR-21 vector (A549/MCF-7miR-21). Ectopic expression of the miR-21 precursor in A549/MCF-7miR-21 resulted in a five-to sixfold increase in pri-miR-21 over that in A549/MCF7vec, whereas miR-21 exhibited no change in A549/MCF-7miR-21 when compared to A549/ MCF-7vec ( Figure 3A) . On the other hand, ectopic expression of two other precursors for miR-155 and miR-17-92 cluster yielded robust expression of the corresponding mature forms (data not shown). Transient transfection of A549 cells with pCMV-premiR-21 that encodes only pre-miR-21 resulted in 30% decline in miR-21 despite a 140-fold increase in pre-miR-21 ( Figure 3B and C) [18] . We speculated that limited maturation of ectopically expressed miR-21 precursor reflected rate-limiting maturation miR-21 precursors due to abundance of the endogenous miR-21 ( Figure 2A ). We further reasoned that the miR-21 expressing vectors would efficiently produce miR-21 in the cell with low levels of endogenous miR-21. Thus, pCMV-pre-miR-21 and its backbone vector were transfected into MCF-7TN cells, an apoptosis resistant derivative of MCF-7N in which miR-21 expression was nearly silenced (Supplementary Figure 3A) . The vector-derived production of miR-21 was only observed in MCF-7TN, which reached to around 30% of that in MCF-7N ( Figure 3D ). The RNA levels of pre-miR-21 (the sum of endogenous and exogenous) were comparable between MCF-7N and MCF-7TN transfected with pCMV-pre-miR-21 (Supplementary Figure 3B) . These findings indicate that production of miR-21 from the vector derived pre-miR-21 is at least in part dictated by the levels of endogenous miR-21.
We then set to determine whether Col-1 deposition correlated with an increase in miR-21 in a murine model of lung fibrogenesis induced by TGF-b1-Adv as previously described [22, 23] . Deposition of Col-1 in the mouse lung exposed to TGF-b1-Adv was confirmed using Trichrome staining, a specific staining for collagen as well as qRT-PCR for Col-1 ( Figure 4A and B). Similar to our in vitro findings, deposition of Col-1 in the mouse lung correlated with a nearly threefold increase in miR-21 over that in the mice exposed to the control GFP (GFP-Adv) and was accompanied by the absence of any congruent alteration in pri-miR-21 ( Figure 4C and D) . These findings demonstrated a correlation between deposition of Col-1 and posttranscriptional up-regulation of miR-21 in vivo.
DISCUSSION
It is well documented that elevated ECM rigidity promotes tumor progression [4] [5] [6] . In the organotypic culture that we employed, addition of Col-1 to Matrigel is expected to increase ECM rigidity by nearly two times [5] . In addition to miR-21, Col-1 alters the expression of several miRNAs bearing welldocumented relevance to cancer, such as increased expression of the tumorigenic miR-17-92 cluster and miR-155, and reduced expression of the tumor (1) values greater than 500 in at least one culture condition; (2) greater than twofold difference; (3) a P-value smaller than 0.05 as determined by unpaired two tail Student's t-test. The results were presented as means and standard deviations from three independent experiments. (B) The culture condition was similar to part A. The cell lysates were collected from the cell colonies extracted from the culture. The protein levels of DICER were determined using immunoblots. The loading control bactin is presented in Figure 1B suppressive miR-143-145 cluster (Figure 2A ) [25, 27] . Up-regulated miR-21 correlates with deposition of Col-1 in lung fibrogenesis (Figure 4 ). TGF-b1 may directly up-regulate miR-21 in the lung because TGF-b1 up-regulates DROSHA-mediated pri-to premiR-21 processing in human vascular smooth muscle cells [14] . We reason that Col-1, at least in part, contributes to miR-21 up-regulation in lung fibrogenesis because TGF-b1 alone does not alter the expression of miR-21 in either A549 cells or primary culture of human lung fibroblasts which are surrogate of alveolar epithelial cells and fibroblasts, two major cell types in lung fibrogenesis, respectively. Up-regulated expression of miR-21 is not consequent of a global alteration in miRNA expression because the total reading of miRNAs and the protein levels of DICER are comparable between Matrigel AE Col-1 3-D cultures (Figure 2 ). These findings implicate that Col-1 selectively regulates the expression of a panel of miRNAs to promote cancer progression.
Elevated expression of miR-21 is correlated with decreased expression of PDCD4, a miR-21 target that can promote apoptosis, a key mechanism in formation of central lumen in acinus ( Figure 1C ) [1, 2, 16] . Our study warrants further investigation of whether suppression of PDCD4 expression by Col-1 is miR-21 mediated and in turn promotes apoptosis resistance and loss of the central lumen. Given the profound change in miRNA profile caused by Col-1 and the complexity of homeostasis of epithelial polarity, it is highly likely that each individual Col-1-regulated miRNA modulates only certain aspect/s of acinus (Figure 2A) . The full spectrum disruption of acinus may require collective efforts of miR-21 and other Col-1 responsive miRNAs, such as miR-17-92 and miR-143-145 clusters. Besides PDCD4, E-cadherin is down-regulated by Col-1 ( Figure 1B) . However, it is unclear whether such a down-regulation is miRNA-mediated. The 3 0 UTR of the E-cadherin transcript is predicted to harbor only one miR-9 target site. miR-9 expression is not altered 
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by Col-1 in mK-ras-LE cells (Figure 2A ). miR-200 family activates the expression of E-cadherin by targeting ZEB1/2, the transcriptional repressor of the Ecadherin gene [26] . Intriguingly, expression of the members of miR-200 family is not repressed by Col-1 ( Figure 2A and unpublished observations) .
miR-21 expression can be regulated both transcriptionally and post-transcriptionally. AP-1 mediates activation of pri-miR-21 expression by the carcinogenic phorbol 12-myristate 13-acetate via multiple AP-1 and PU.1 binding sites in the miR-21 promoter in human promyelocytic cells [13] . The tumorpromoting cytokine IL-6 activates expression of pri-miR-21 in multiple myeloma cells via the transcription factor STAT3 [12] . Post-transcriptionally, pri-miR-21 to pre-miR-21 processing is promoted by SMAD and inhibited by the NF90-NF45 complex [14, 28] . These mechanisms might contribute to Col-1-mediated up-regulation of miR-21, either directly or indirectly. In addition, our data suggest a third layer of regulation at the maturation from pre-miR-21 to miR-21 because Col-1 up-regulates only miR-21, but not its precursors. Moreover, ectopical expression of pre-miR-21, fails to produce miR-21 ÃÃÃ and ÃÃ denote a P-value smaller than 0.001 and 0.01, respectively as determined using unpaired two-tailed Student's t-test (Prizm).
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( Figure 3 ). In MCF-7TN cells with low endogenous level of miR-21, ectopical expression of pre-miR-21 can produce miR-21 and partially restore miR-21 expression to around 30% of the endogenous miR-21 levels in MCF-7N ( Figure 3D and Supplementary Figure 3B ). Because expression of miR-21 from exogenous pre-miR-21 is dictated by the levels of endogenous miR-21, it is plausible that a sensing system exists in the cell to prevent excessive production of miR-21 by limiting maturation of premiR-21 to miR-21. Appealing hypotheses to be tested are whether nuclear export of pre-miR-21 is tightly regulated and whether Col-1 impairs such a regulation to up-regulate miR-21 post-transcriptionally. It is noteworthy that MCF-7TN cells are more tumorigenic than MCF-7N (Burow ME, personal communication), which raises the possibility that miR-21 can be dispensable for cancer in certain contexts. In line with this speculation, MCF-7TN cells exhibited disrupted acinus and reduced expression of E-cadherin and PDCD4 in Matrigel 3-D culture (Supplementary Figure 4) . These findings implicate that loss of miR-21 mediated suppression of PDCD4 can be compensated under certain conditions. ECM signals through heterodimers of integrins on the cell surface. a2b1 is the most well-characterized receptor for Col-1 and mediates tumor promoting effects of Col-1 in prostate and pancreatic cancer cells [29] [30] [31] . Profound alteration of miRNA expression by Col-1 in organotypic culture provides an ideal platform to investigate integrin-regulated expression of miRNAs in the context of cancer progression (Figures 1 and 2) . Generation of integrin deficient variants is underway in our laboratory to define the roles for integrins in miRNA response to Col-1.
Because miR-21 has been identified as one of the signature miRNAs of human solid tumors and elevated miR-21 expression correlates with deposition of Col-1 in vitro and in vivo (Figures 1 and 3) , our results implicate miR-21 as a biomarker and potential therapeutic target of the cancer cell response to increased ECM rigidity [10] . Our findings warrant further investigation to define the molecular mechanisms for post-transcriptional up-regulation of miR-21 by Col-1 and the role of miR-21 in epithelial polarity.
ACKNOWLEDGMENTS
This work was supported in part by LEQSF (2008-10)-RD-A-26, Office of Naval Research BAA # 05-001, and DOD BC085516 awarded to BS, and by NCI CA132603 awarded to BS, GM, and DS. H. T. Nguyen and J. Guenther are supported in part by Developmental Funds of the Tulane Cancer Center. We are grateful to Dr. Patricia Sime for the expression vectors that encoding GFP-Adv and TGF-b1-Adv. We are also grateful to Ms. Carol Gadwaw for her excellent technical assistance.
Introduction
The tumor microenvironment, a newly established crucial determinant in tumorigenesis, is composed of extracellular matrix (ECM), growth factors, and inflammatory cytokines that are produced by the co-evolved neoplastic epithelial cells and associated stromal cells (1, 2) . During acquisition of invasive and metastatic competence, cancer cells progress to loose differentiation response to basement membrane matrix (BM), such as a loss of epithelial cell apical-basolateral polarity (3). The three-dimensional organotypic culture using reconstituted basement membrane Matrigel (hereinafter referred to as rBM 3-D) provides an ideal platform to elucidate the molecular mechanisms that mediate the dysregulated morphogenesis during mammary tumorigenesis because rBM 3-D culture faithfully recapitulates many in vivo properties of mammary epithelial cells (4-7). Genome wide expression profiling of breast cancer in rBM 3-D culture has established gene expression signatures associated with distinct morphologenesis of breast cancer cell lines with diverse invasive and metastatic properties (8) . The clinical significance of the gene expression profiles derived from rBM 3-D culture is confirmed in that the gene expression signature from rBM 3-D culture of breast cancer cells holds prognostic values for patients with breast cancer (9) . microRNAs (miRNAs) are small non-coding RNAs that inhibit gene expression often via complementarity with its target sequences within the 3' untranslated region (3' UTR) of a mRNA (10) . Profiling miRNAs in human cancer specimens and cell lines reveals a growing number of tumorigenic and tumor suppressive miRNAs (11) . Among the tumor suppressive miRNAs, the let-7 family and miR-200 family are frequently silenced in cancer (12) . The let-7 family suppresses tumor growth via targeting cell cycle regulators (CDC25A and CDK6), promoters of growth (RAS and c-myc), and early embryonic genes (HMGA2) (13) (14) (15) .
The miR-200 family inhibits epithelial to mesenchymal transition (EMT) via targeting two EMT mediators, E box binding transcription factors ZEB1 and ZEB2, and thereby suppresses invasion and metastasis (16, 17) .
Despite the importance of rBM 3-D culture and miRNAs in the research of breast cancer, miRNAs have not been characterized in rBM 3-D culture of breast cancer cells. The current study is aimed to elucidate the biology of miRNAs in morphogenesis of breast cancer cells with diverse invasive and metastatic potentials in rBM 3-D culture.
Materials and Methods
Reagents and Plasmids. Matrigel was purchased from BD Biosciences (Rockville, MD). Cell culture grade type I collagen was purchased from Sigma (St. Louis MO). A human miR-429 expression retroviral vector was generated by inserting the human pre-miR-429 into the pMSCV-puro-GFP-miR backbone vector as we previously described (18) . Alexa 594 conjugated filamentous actin (F-actin) binding phalloidin was purchased from Invitrogen (Carlsbad, CA).
Cell Culture and Retroviral Transduction. Two human breast cancer cell lines, MCF-7 cells (N variant) and MDA-MB231 cells were cultured in DMEM (Sigma) as previously described (19, 20) . Stable ectopical expression of miR-429 in MDA-MB231 cells was accomplished by retroviral transduction as we previously described (21) . Briefly miR-429 expressing and its backbone control retroviral vectors were produced using 293T cells. MDA-MB231 cells were then infected with the retroviruses and the stable transductants were selected and maintained using puromycin containing culture medium.
rBM three dimensional organotypic culture. Overlay rBM 3-D culture was carried out as described elsewhere (4) . Briefly, MCF-7 and MDA-MB231 cells were seeded at 2 x 10 5 cells/well in a 6-well cell culture plate that was coated with Matrigel. DMEM culture medium was supplemented with 4% of Matrigel and fresh medium was fed every two days. In the selected rBM 3-D culture of MCF-7 cells, Col-1 (2 µg/ml) was added as described elsewhere (22) . The morphology of cell clusters was monitored for 12 days and recorded using an inverse phase contrast microscope equipped with a digital camera based on the time course of morphogenesis of mammary epithelial cells in rBM 3-D culture as established in the previous studies Debnath, 2003 #11}. The cell morphogenesis was also visualized by staining for filamentous actin using Alexa 594 conjugated phalloidin followed by confocal fluorescent microscopy analysis on a BioRad Radiance 2100 system (Hercules, CA), which is an established method to monitor morphogenesis of mammary epithelial cells (8) .
RNA Extraction and Analysis of mRNA and miRNA Expression. Total cell RNA was extracted using Trizol (Invitrogen) from 2-D culture when the cells reached ~80% confluence and from rBM 3-D cultures on day 12 after the cells were seeded. Quantitative RT-PCR (qRT-PCR) was carried out to determine the expression of Ecadherin, vimentin, and ZEB2 as previously described (23, 24) . The expression of let7c, and members of miR-200 family (miR-200c, miR-141, and miR-429) was meaured using TaqMan miRNA Assays as we previously described (18) . The gene expression was normalized to 36B4 for the protein coding genes and to U6 for the miRNAs, respectively. A fold change of each transcript was obtained by setting the values from the control group to one. All the measurements were repeated on the RNA samples collected from three independent experiments. miRNA array analysis. LC Sciences (Houston, TX) provided the microRNA expression profiling service using µParaflo ® technology and proprietary probe hybridization (Cy3 and Cy5 dendrimer dyes) that enables highly sensitive and specific direct detection of human based on Sanger Institute human miRbase version 14 (894 human miRNAs). The miRNA microarrays of each culture condition were carried out on the RNA samples collected from three independent experiments. As advised by the service provider, any miRNA with a fluorescent intensity value below 100 in all of the compared groups was excluded in the analysis. Multi-array log2 transformation, normalization, t-test, and unsupervised hierarchy clustering analysis (average linkage and a Euclidean distance metric) were carried out using the geWorkbench genomic analysis software suite to identify the differentially expressed miRNAs between any two selected groups (http://www.geworkbench.org) (25) . False Discovery Rate (FDR) was calculated using the Significance Analysis of Microarrays suite (SAM) (26) . The miRNAs that carried a greater than 2-fold difference, P < 0.01, and FDA < 0.05 between any two compared groups were considered significantly differentially expressed between the two groups.
Statistical analysis. Statistical significance in the values compared between any two selected groups was determined using the unpaired two-tailed Student T test (Prizm Version 5). A P value < 0.05 was considered significant.
Results
Correlation of miRNA expression and morphogenesis of breast cancer cells.
A recent study has uncovered gene expression profiles underlying distinct morphogenesis of breast cancer cell lines with diverse tumorigenic properties in rBM 3-D culture (8) . Because miRNAs can modulate expression of the protein coding genes, we profiled miRNA expression underlying distinct morphogenesis of the non-invasive MCF-7 and the invasive MDA-MB231 cells in rBM 3-D culture. As revealed by inverse phasecontrast microscopy and fluorescent staining for F-actin, MCF-7 cells exhibited a mass morphology, a hallmark feature of non-invasive breast cancer cells that was defined by cell clusters with disorganized nuclei, robust cell-cell adhesion, and low frequency of formation of a central lumen, (Figure 1 , A1 and B1) (8) . In contrast, MDA-MB231 exhibited an invasive stellate morphology, a hallmark feature of invasive breast cancer cells that was defined by disorganized nuclei and elongated cell body with prominent invasive projections that often bridge multiple cell colonies, (Figure 1 , A2 and B2) (8) . In accordance, MCF-7 cells exhibited epithelial phenotype in 2-D culture, which included high expression of E-cadherin, an epithelial cell marker, and low expression of vimentin, a mesenchymal cell marker (data not shown). On the other hand, MDA-MB231 cells exhibited mesenchymal phenotype in 2-D culture, which included low expression of Ecadherin and high expression of vimentin (data not shown). The differential expression of E-cadherin and vimentin between MCF-7 and MDA-MB231 cells was retained in rBM 3-D culture (data not shown).
To identify the miRNA candidates that discriminated mass and stellate morphogenesis we compared miRNA arrays in 2-D and rBM 3-D cultures of MCF-7 and MDA-MB231 cells. As expected, the miRNA expression profiles exhibited profound difference among diverse culture conditions. In rBM 3-D culture 75 miRNAs were differentially expressed between mass morphology of MCF-7 cells and stellate morphology of MDA-MB231 cells ( Figure 1C ). Within this panel 61 miRNAs exhibited >2-fold difference between MCF-7 and MDA-MB231 cells with 40 miRNAs being higher and 21 miRNAs being lower in MCF-7 over that MDA-MB231. In 2-D culture 70 miRNAs were differentially expressed between the epithelial phenotype of MCF-7 cells and the mesenchymal phenotype of MDA-MB231 cells ( Figure 1D ). Within this panel 60 miRNAs exhibited >2-fold difference between MCF-7 and MDA-MB231 cells with 45 being higher and 15 being lower in MCF-7 over MDA-MB231. Because this study was aimed to identify the miRNAs that discriminated mass and stellate morphologies, we identified 29 miRNAs whose expression differed between MCF-7 and MDA-MB231 cells only in rBM 3-D culture (Table 1 ). This panel of miRNAs featured a large number of miRNAs with known tumor modulating functions. For instance, two members of the tumor suppressive miR-200 family, miR-141 and miR-429 were higher in MCF-7 than that in MDA-MB231 cells (Table 1) (16, 17) . Intriguingly, the tumor suppressive let-7 family in general exhibited a paradoxical lower expression in MCF-7 cells than that in MDA-MB231 cells (Table 1) (13-15) . Except for the miRNAs listed in Table 1 , the rest of the miRNAs in Figure 1C were commonly differentially expressed between MCF-7 and MDA-MB231 cells regardless of culture conditions, which featured higher expression of the tumor suppressive miR-200c and lower expression of the tumor promoting miR-221/222 cluster in MCF-7 cells than that in MDA-MB231 cells (16, 17, 27) .
These findings revealed a correlation between miRNA expression and morphogenesis of breast cancer cells in rBM 3-D culture.
We speculated that a disparate response of miRNA expression during transition from 2-D to rBM 3-D culture in MCF-7 and MDA-MB231 cells gave rise to the rBM-3D-specific differential miRNAs between MCF-7 and MDA-MB231 cells. Therefore, we compared the miRNA profiles between 2-D and rBM 3-D cultures within each cell type to identify the rBM 3-D responsive miRNAs. In MCF-7 cells 49 miRNAs were differentially expressed between rBM 3-D and 2-D cultures at a >2-fold difference with 24 miRNAs being higher and 25 miRNAs being lower in rBM 3-D than that in 2-D (Table  2 ). In MDA-MB231 cells, 28 miRNAs were differentially expressed between 2-D and rBM 3-D cultures at a >2-fold difference with 22 miRNAs being higher and 6 miRNAs being lower in rBM 3-D than that in 2-D (Table 3) . Moreover, the majority of the rBM responsive miRNAs were unique to MCF-7 and MDA-MB231 cells except for only 9 rBM 3-D responsive miRNAs that were common to MCF-7 and MDA-MB231 cells (a  comparison of Tables 2 and 3 , the miRNAs unique to each cell type were in bold format). The miRNAs showing differential response to rBM were likely the miRNAs that mediated mass and stellate morphology. This panel of miRNAs featured two members of miR-200 family, miR-141 and miR-429 that were induced in rBM 3-D culture only in MCF-7, but not MDA-MB231 cells.
Dysregulation of miRNA expression by Col-1 in rBM 3-D culture of MCF-7 cells.
The tumor-promoting Col-1 is able to disrupt acinar and mass morphogenesis of mammary epithelial cells in rBM 3-D culture and promote progression of mammary tumorigenesis in mouse models (22, 24, 28) . Therefore, we questioned whether Col-1 dysregulated the expression of miRNAs of MCF-7 cells in rBM 3-D. We compared the miRNA profiles of MCF-7 cells in rBM 3-D and rBM 3-D+Col-1. Col-1 altered the expression of 80 miRNAs (Figure 2A ). Within this panel, 61 miRNAs exhibited >2-fold difference between rBM 3-D and rBM 3-D+Col-1 with 25 miRNAs being up-regulated and 36 miRNAs being down-regulated by Col-1 (Table 4) .
Because Col-1 disrupted acinar/mass morphogenesis of MCF-7 cells, we then questioned whether Col-1 dysregulated the expression of the MCF-7-specific rBM responsive miRNAs that were potential miRNA mediators of mass morphogenesis of MCF-7 cells in rBM 3-D culture (Table 2 , indicated by bold font). Indeed, the expression of 23 MCF-7-specific rBM responsive miRNAs was dysregulated by Col-1 because the expression profile of these miRNAs was shifted towards the expression profile in 2-D culture (Table 4, Figure 3B ). We chose to determine whether over-expression of miR-429 in MDA-MB231 cells could attenuate stellate morphogenesis and promote mass morphogenesis. We reasoned that knockdown of miR-429 alone in MCF-7 cells may not be sufficient to disrupt mass morphogenesis because other members of miR-200 family, such as miR-141 can compensate a loss of miR-429 in morphogenesis. To this end, we generated MDA-MB231 variants that were transduced with either a backbone vector (MDA-MB231vec) or a miR-429 expressing vector (MDA-MB231miR-429). We compared morphogenesis between MDA-MB231vec and MDA-MB231miR-429 cells in rBM 3-D culture. As expected, MDA-MB231miR-429 exhibited a loss of the invasive stellate morphology and acquisition of mass morphology that resembled MCF-7 cells, whereas MDA-MB231vec retained a stellate morphology that was indistinguishable from the parental MDA-MB231 ( Figure 4A ). Overexpression of miR-429 was confirmed as MDA-MB231miR-429 exhibited a 62-fold increase in RNA levels of miR-429 over that in MDA-MB231vec ( Figure 4B ). As a consequence, overexpression of miR-429 repressed its target ZEB2 in MDA-MB231miR-429 to 26% of the control group ( Figure 4C ) and induced the expression of E-cadherin, a ZEB2 repressed gene, to a 22-fold increase over that in MDA-MB231vec ( Figure 4D ). These results suggest that miRNAs are crucial regulators of morphogenesis of breast cancer cells in rBM 3-D culture.
Discussion
A recent gene expression profiling of breast cancer cell lines in rBM 3-D culture identifies the gene expression signatures of untranformed and transformed mammary epithelial cell lines displaying distinct morphogenesis (8) . Using a similar strategy, we identify the miRNA expression profiles correlating with mass morphology of MCF-7 and stellate morphology of MDA-MB231 cells in rBM 3-D culture. The identified miRNA profiles lend further support to the concept that rBM 3-D culture provides unique and complementary information to morphogenesis and tumorigenesis of mammary epithelial cells (7, 8) .
In our comparison of the miRNA profiles between MCF-7 and MDA-MB231 cells, a considerable portion of the differentially expressed miRNAs between MCF-7 and MDA-MB231 cells are common to both 2-D and rBM 3-D cultures (Figure 1, A & B) . These miRNAs reflect disparate tumorigenic properties of the two cell lines. For instance, the tumor-promoting miR211~222 cluster is robustly expressed in MDA-MB231 cells and nearly silenced in MCF-7 cells (27) . On the other hand, rBM 3-D culture uncovers unique difference between MCF-7 and MDA-MB231 in the expression of miRNAs. This phenomenon appears to result from distinct miRNA response upon transition from 2-D to rBM 3-D culture (Tables 2 and 3 ). Because rBM 3-D culture promotes differentiation of mammary epithelial cells, a reduced miRNA response of MDA-MB231 relative to MCF-7 implicates that the less aggressive MCF-7 is more responsive to the differentiation-promoting cues derived from rBM 3-D than MDA-MB231 (Table 2 vs. Table 3 ) (5). This is also congruent to their distinct morphology in rBM 3-D culture. MCF-7 exhibit mass morphology that is characteristic of non-invasive and non-metastatic breast cancer cells, whereas MDA-MB231 cells display stellate morphology that is characteristic of invasive and metastatic breast cancer cells (8) .
The MCF-7-specific rBM responsive miRNAs feature increased expression of 3 members of the miR-200 family, miR-200a, miR-141, and miR-429 (Table 2 and Figure  3 ). Because the miR-200 family is one of the most potent suppressors of EMT, these findings suggest a role of the EMT regulators in morphogenesis of breast cancer cells in rBM 3-D culture. In support of this speculation, robust expression of the miR-200 family members in MCF-7 correlates with the mass morphology that features strong cell-cell adhesion (8) . In contrast, the silenced expression of miR-200 family members in MDA-MB231 correlates with the stellate morphology that features disorganized elongated cell clusters with invasive processes in the absence of strong cell-cell adhesion (8) . This can be attributed to a loss of ZEB1/2-meidated repression of E-cadherin by robust expression of the miR-200 family in MCF-7 cells, which provides sufficient E-cadherin for strong cell-cell adhesion. These findings also suggest that native BM inhibits EMT and tumor progression via up-regulation of the miR-200 family, and the consequent suppression of the EMT promoter ZEB2. The function of the miR-200 family in morphogenesis is further supported by over-expression of miR-429 in MDA-MB231 cells. Over-expression of miR-429 inhibits the expression of the EMT promoter ZEB2, releases ZEB2-mediated suppression of E-cadherin, and converts the stellate It is noteworthy that the tumor suppressive let-7 miRNA family exhibits a paradoxical decrease in rBM 3-D relative to 2-D culture in MCF-7 and this response is absent in MDA-MB231 ( Figure 3B ). One plausible explanation of this apparent paradoxical observation is that the expression of let-7 family miRNAs is stimulated in response to tumorigenic cues as a cell defense mechanism and repressed by the rBM derived differentiation-promoting signals. Thus, the decreased expression of the let-7 family implicates that sensing the rBM-derived differentiation promoting cues is intact only in MCF-7 cells, but not in MDA-MB231 cells. A comprehensive functional analysis of the rBM responsive miRNAs in mammary epithelial cells will yield novel insight into how miRNAs regulate mammary epithelial morphogenesis and tumorigenesis.
In summary, the current study provides an initial characterization of miRNA expression that correlates with distinct morphogenesis of breast cancer cell lines in rBM 3-D culture. Our findings strengthen the utility of rBM 3-D culture in elucidating the role of miRNAs in morphogenesis and tumorigenesis of mammary epithelial cells. A heatmap of significantly differentially expressed miRNAs and unsupervised hierarchial clustering were generated using geWorkbench suite (n = 3, P < 0.01, FDR < 0.05). D) Similar to part C except that the miRNA array analysis was carried out on RNA samples collected from 2-D cultures of MCF-7 and MDA-MB231 cells. Total cell RNA was extracted from MCF-7 rBM 3-D culture with or without supplementation of Col-1 (2 µg/ml). miRNA expression profiles were compared between the two culture conditions using miRNA microarrays.
A heatmap of significantly differentially expressed miRNAs and unsupervised hierarchial clustering were generated using geWorkbench suite (n = 3, P < 0.01, FDR < 0.05). B) An unsupervised hierarchical clustering analysis was carried out to group and visualize miRNA arrays from MCF-7 cells in 2-D, rBM 3-D, and rBM 3-D + Col-1 cultures according to the expression profiles of miRNAs in each culture condition. 
